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The absorption coefficient for surface acoustic wave F and variation in tfie wave velocity /S.V/V 
were measured in GaAs/AIGaAs lieterostructures; tfie above quantities are related to interaction 
of the wave with two-dimensional electron gas and depend nonlinearly on the power of the wave. 
Measurements were performed under conditions of the integer quantum Hall effect (IQHE) , in which 
case the two-dimensional electron gas was localized in a random fluctuation potential of impurities. 
The dependences of the components ai{E) and a2{E) of high-frequency conductivity a = ai — i<j2 
on the electric held of the surface wave were determined. In the range of the conductivity obeying 
the Arrhenius law (cti S> 0-2), the results obtained are interpreted in terms of the Shklovskii theory 
of nonlinear percolation-based conductivity, which makes it possible to estimate the magnitude of 
the fluctuation potential of impurities. The dependences (Ji{E) and a2{E) in the range of high- 
frequency hopping electrical conductivity, in which case (ai ^(72) and the theory of nonlinearities 
has not been yet developed, are reported. 

PACS numbers; 72.50.-Fb; 73.40.Kp 
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I. INTRODUCTION 

Studies of the kinetic effects in GaAs/AlGaAs het- 
erostructures with two-dimensianal (2D) electron gas in 
strong constant electric fieldaJLl show that nonlinear ef- 
fects are adequately accounted for by heating of electron 
gas. The main issue of controversy in the interpreta- 
tion of the above results is related to identification of the 
relevant mechanism of electron-energy relaxation. The 
theory of electron-gas heating and the energy-relaxation 
mechanisms in the 2D case were considered in Ref. ^j. In 
Ref. ^, the dependence of the coefficient of absorption 
of a surface acoustic wave (SAW) by 2D electron gas in 
a GaAs/AlGaAs heterostructure on the SAW intensity 
was also explained by heating of 2D electron gas by the 
SAW alternating electric field; it was also shown that 
the electron-energy relaxation time is controlled by en- 
ergy dissipation at the piezoelectric potential of acoustic 
phonons under conditions of strong screening. 

In the magnetic-field range where electrons are local- 
ized (i.e.. under the conditions of IQHE), kinetic effects 
were-, also actively studied in a strong constant electric 
fieldQ~0. However, notwithstanding the fact that non- 
linear dependences of current on voltage were similar in 
all cases, these dependences have not been unambigu- 
ously interpreted so far. Thus, these nonlineacities were 
explained by the heating of 2D electron gaaZrEI. by im- 
purity breakdown in homogeneous electric fieldO, and 
by resonance tunneling of electrons between the Landau 
levelsllj; still another explanation was based on the the- 
ory of variable-range hopping conduction in a strong elec- 
tric fieldtiiEj. In Ref. in order to explain the nonlin- 
earities in the dependence of the width of the IQHE step 
on the current density in a GaAs/AlGaAs heterostruc- 



ture at T = 2.05 K. the model of heating of 2D elec- 
tron gas was used. It was found that the dependence of 
electron temperature Tg on the current / coincided with 
Te(/) measured in the absence of a magnetic field. As a 
plausible reason for this behavior, the authors of Ref. |l^ 
could only suggest that it arose from the injection of hot 
charge carriers from near-contact regions where the Hall 
voltage was shorted out by the current contacts. 

In connection with the above, the acoustic method 
seems to hold considerable promise for studying the non- 
linear effects under the conditions of IQHE; this method 
is particularly convenient owing to the fact that there is 
no need for electrical contacts in such measurements. 

In this work, we studied the dependences of absorp- 
tivity r and variations AV/V in the velocity of SAWs 
in a piezoelectric due to the interaction of SAWs with 
2D electron gas in GaAs/AlGaAs heterostructures on the 
SAW power W absorbed in the sample (or on the SAW 
electric field E) under the conditions of IQHE (T = 1.5 
K), which corresponds to the carrier- localization domain. 
The experimental dependences r(E) and AV/V{E) were 
used to calculate the real and imaginary components of 
high-frequency electrical conductivity ai{E) and a2{E)), 
as the higiujfrequency conductivity is written in the com- 
plex formtJ cy{E) — (7i{E) — ia2{E) under the electron- 
localization conditions. The mechanisms of the nonlin- 
earities were studied by analyzing the dependences of the 
components of the high-frequency electrical conductiv- 
ity on the strength (i.e., on absorbed power) of a high- 
frequency electric field. 



1 



II. EXPERIMENTAL METHODS AND RESULTS 



In this work, the effect of the SAW power introduced 
into sample (/= 30 MHz) on the absorption coefficient T 
and on the relative variation in the SAW velocity AV/V 
was measured at T=1.5K in magnetic fields correspond- 
ing to the midpoint of the Hall plateau (i.e., under the 
conditions of IQHE). We used the GaAs/AlGaAs het- 
erostructures (5-doped with silicon; the density of elec- 
trons in 2D gas in the channel was n = (1.3 — 2.7) x 
lO^^cm"^ and their mobility was /i « 2 x lO^cm^/ {V ■ s). 
The heterostructures were grown by molecular-beam epi- 
taxy and involved a spacer layer 4 x 10~^cm in width. 
The exppdmental procedure was described in detail 
elsewhereli3. Here, we only note that the structure with 
2D electron gas was grown on the piezoelectric (lithium 
niobate) surface over which the SAWs propagated. An 
alternating electric field having the frequency of SAW 
and accompanying the strain wave penetrates into the 
channel with 2D electron gas, induces electric currents 
and, correspondingly, introduces ohmic losses. As a re- 
sult of such an interaction, the wave energy is absorbed. 
Experimentally, we measured the absorption coefficient 
r and the relative variation in the SAW velocity AV/V 
in relation to the magnetic induction. Since the mea- 
sured quantities F and AV/V are defined by the electric 
conductivity of 2D electron gas, electron-spectrum quan- 
tization resulting in the Shubnikov-de Haas oscillations 
brings about oscillations in the above effects as well. 

Figure 1 shows the dependences of F and AV/V on 
the power P at the output of the RF generator (for a 
frequency of /= 30 MHz) for the filling numbers ly — 2; 
4 and 6 for a sample with the 2D-electron gas density 
of n = 2.7 X lO^^cm^^ Here, ly — nch/eH, where H is 
the magnetic field strength. In the insert in Fig. 1, the 
dependences of F and AV/V on the magnetic field are 
shown for several values of the SAW power at a tem- 
perature of 1.5K. The form of the dependences of F on 
the magnetic field is analyzed in detail in Ref. posi- 
tions of the peaks in the r(H) and AV/V{H) curves are 
equidistant in 1/H, and the splitting of the F() peaks 
under the IQHE conditions is related to its relaxation 
origin. It can be seen from Fig. 1 that an increase in 
the supplied SAW power results invariably in a decrease 
in AV/V irrespective of the filling number, whidi cor- 
responds to an increase in electrical conductivityQ. The 
form of dependences F(iJ) for dissimilar filling numbers 
is different: absorption increases with increasing P for v 
= 2, whereas, for = 4 and 6, F increases initially as 
the SAW power increases, attains a maximum, and then 
decreases. The smaller the filling number, the higher the 
power corresponding to the maximum in F. It is also 
evident from Fig. 1 that the higher the magnetic field 
(the smaller the filling number), the higher is power P 
corresponding to the onset of the dependences F(P) and 
AV/V{P). 
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FIG. 1. I - Dependences of (a) F and (b) AV/V on the 
magnetic field H at T— 1.5 K for power P at the genera- 
tor output equal to (a) 10~* and (b) 2 x 10~® W (shown by 
solid lines) and equal to (a) 2 x 10~^ and (b) 10"'' W (shown 
by dashed lines). II - Dependences of (a) relative velocity 
variation AV/V and (b) absorption coefficient F of a surface 
acoustic wave on power P at the output of a generator in 
magnetic fields of (□ and v) 5.5, (o and •) 2.7, and (A and 
x) 1.8 T. 

III. DISCUSSION OF THE RESULTS 

In the experimental configuration of. this work, the 
quantities F and AV/V are definedtsO by the formu- 
las 

{^)t{q) dB 

r-8.68^q [l + (^)t(g)P + [(f^)i(g)P'cm 

A = 8b{q)ie,+so)slsJ-^'^^''+''^\ 
AV_K^^^ {^)t{q) + l 

V 2 [l+(^)t(q)]2 + [(^)i(5)]2' 

h{q)^[hMMl)-bM]r^' 
i(q) = [62(g) -63(<?)]/[2&i(g)], 
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bi{q) = (ei + eo){es + £o) - (^i - £o)(£. - £o)e^"^'°\ 

b2{q) = (ei + eo){es + sq) + (ei + eo)(e. - eQ)e'^-^'"^\ 
hiq) = {si - eo){es - £0)6^"^'^"' + (ei - £o)(£s + £0) x 

^g[-2g(a+d)]^ 

where the absorption coefficient T is expressed in 
dB/cm; is the piezoelectric constant of LiNbO^; q 
and V are the wave vector and the velocity of SAW, re- 
spectively; a is the distance between the dielectric and 
the heterostructure under consideration; d is the depth of 
the position of the 2D electron-gas layer; £1, £0 and £« are 
the permittivities of lithium niobate, vacuum, and gal- 
lium arsenide, respectively; and ai and (T2 are the com- 
ponents of the complex high-frequency electri-cal conduc- 
tivity of 2D electron gas: a = ai — ia2. The necessity of 
considering both components, of high-frequency conduc- 
tivity was demonstrated inlij and was related to local- 
ization of electrons under the conditions of IQHE. These 
formulas make it possible to determine ai and (T2 from 
the quantities T and /^V/V measured experimentally. 



the filling numbers v = 2 and 1. It can be seen from Fig. 
2 that, for v = 2 (orbital splitting), ui and 02 initially 
increase with increasing electric field and, beginning with 
a certain E, decreases rapidly while a\ continues to 
increase. In magnetic fields corresponding to the spin 
splitting (v — 1), CTi increases and 02 decreases with in- 
creasing E. 

Figure 3 shows the dependences of a\ and 02 on the 
strength of high-frequency electric field E for the sam- 
ple with n — 2.7 x lO^^cm"^ for the filling numbers of 
v= 2; 4 and 6. It can be seen from Fig. 3 that, in the 
magnetic field H amounting to 5.5T (y—2)^ both com- 
ponents of high-frequency conductivity are independent 
of in a wide range of electric fields; for fields higher 
than a certain value E\ these components increase with 
E. In a magnetic field of if = 2.7 T [y= 4), an increase 
in (Ti and 02 sets in an electric field E2 < Ei, and, for 
H = 1.8T {i' — 6), (72 increases initially with increasing 
E, attains a maximum, and then decreases (similarly to 
what is shown in Fig. 2 for H= 2.7 T in the case of = 
2). 
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FIG. 2. Dependences of (a) real cri and (b) imaginary 
(72 components of high-frequency electrical conductivity on 
electric field E for sample AG106 (n = 1.3 x 10"cm"^) at 
T=1.5K. 

Figure 2 shows the dependences of cti and a2 on the 
strength of high-frequency electric field E accompanying 
the SAW for the sample with n = 1.3 x lO^^cm^^ and 
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FIG. 3. Dependences of the (a) real cti and (b) imaginary 
CT2 components of high-frequency electrical conductivity on 
electric field E for sample AG49 (n = 2.7 x lO^cm"^) at T 
= 1.5 K. 
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The high-frequency electric field of SAW is calculated 
here with the formula reported in Ref. ^. The only dif- 
ference is that we have a = ai — i(T2 i.e., 



zqe 



(-2g(a+d)) 



W, (2) 



EsV 



z = [(£i + eo)(es + eo) - e^-'«'^^(£i - eo) 

In order to explain the above dependences of a\ and 
(72 on E, we should rely on the fact that, as was shown in 
Rcf. electrical conduction in the temperature range of 
T~ 1.5-4.2 K is simultaneously governed by the follow- 
ing two mechanisms: (i) the Arrhenius-type mechanism 
related to activation of charge carriers from the Fermi 
level, where these carriers are in localized states, to the 
percolation level and (ii) the mechanism of hop-ping over 
localized states in the vicinity of the Fermi level. For T 
= 1.5 K, the contributions of these two mechanisms vary 
in relation to the filling number (the magnetic field). The 
smaller the filling number (the higher the magnetic field), 
the larger the activation energy defined by the value of 
^.hhwc (ti'c is the cyclotron frequency) and the smaller the 
Arrhenius contribution to the conductivity. In the case of 
hopping high-frequency conduction, therimaginary com- 
ponent has the value of a-i ~ IOcti ctiHj and begins to 
decrease with an increasing number of delocalized elec- 
trons as a result of the activation process. Thus, the ratio 
a\ I a\ is a quantity characterizing the contribution of the 
above two mechanisms to conduction: if axjax k, 1, the 
hopping conduction is dominant, whereas, if tri/cri 3> 1, 
the Arrhcnius-law conduction is dominant and the hop- 
ping conduction may be ignored. 

In view of the above, the nonlinearities should be an- 
alyzed separately for two different domains. 



A. Nonlinearities in the Region of Arrhenius- Type 
Conduction (p\la-z 2> 1) 

The influence of a strong constant electric field on elec- 
trical conductivity stemming from activation of charge 
carriers to the percolation level of the conduction band 
distorted by random fluctuation potential of charged im- 
purities was considered by Shklovskii in Ref. |8[ In fact, 
we study here the influence of a strong electric field on 
conduction over the percolation level, with the role of the 
electric field limited to a reduction of activation energy, 
which may be interpreted as a lowering of the percolation 
threshold. 

In this case, an increase in electrical conductivity in a 
strong electric field with decreasing activation energy is 
given by 



where a\ is the conductivity in the linear mode, E is 
the electric field strength, T is temperature, is a numer- 
ical coefficient, Vq is the amplitude of fluctuations in the 
potential-relief pattern (the characteristic spatial scale of 
a potential), and 7 is the coefficient that depends on di- 
mensionality: 7= 0.9 for the-three-dimensional (3D) case 
and 7= 4/3 for the 2D caseN. 

Thus, in the 2D case under consideration, formula ^ 
can be rewritten as 



where 



(4) 



(5) 



and Isp is the characteristic spatial scale of the po- 
tential, wjpich may be taken as equal to the spacer 
thicknessLj in the heterostructures we studied {Isp — 
4 X 10"*^ cm). 

In the experiment we performed, the following condi- 
tions were satisfied: 



qlsp <C 1, tfT <C 1. 



(6) 



Here, q and lj are the wave vector and frequency of 
SAW, respectively, and r is the electron-momentum re- 
laxation time. Therefore, we may regard the wave as 
standing and we can use the formulas obtained for the 
constant electric field in the analysis of dependences of 
high-frequency conductivity on the alternating SAW elec- 
tric field. 

Figure 4 shows the dependences of cri/cr2 on electric- 
field strength E calculated according to || for two samples 
in different magnetic fields. It can be seen from Fig. 4 
that the condition (Ti/(T2 is met for sample AG106 alone; 
therefore, the dependences ci/ctJ on E can be analyzed 
on the basis oiEJ only for this sample. Figure 5 shows 
the dependence of In ai / cT]* on E^l\ It can be seen that 
the dependence is linear; the slope of the corresponding 
straight line makes it possible to determine (to within a 
numerical factor) Vg i.e., the amplitude of fluctuations in 
the potential relief pattern. We found that Vq l.BmeV. 

Calculation of the fluctuation amplitude by the 
formulcO 



(7) 



where n is the density of ionized impurities equal in 
our case to the carrier density in the 2D channel with 



n = 1.3x 10"c 



yields Vq = 4.5 meV, which coincides 



/a? = exp[iCeElVoy^'^^+^^/kT]. 



(3) 



by an order of magnitude with Vq determined experimen- 
tally to within a numerical factor. 
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FIG. 4. Dependences of the ratio of the real and imaginary 
components of high-frequency electrical conductivity (Ti/(T2 
on electric held E for samples (a) AG106 and (b) AG49 at 
r= 1.5 K. 
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FIG. 5. Dependences of ln((Ti/cr?) on E'^^'^ for differrent 
filling factors in sample AG106. 

It is worth noting here that the nonlinearities under a 
constant electric field E were studied for E > 5-10 V/cm. 

The results reported here were obtained for electric 
fields lower than 2 V/cm. Thus, the following general 
pattern emerges. In electric fields E fa 1 V/cm corre- 
sponding to the prebreakdown region, electrical conduc- 
tivity increases owing to an increase in concentration in 
the empty Landau band due to activation of localized 
electrons from the Fermi level; in this case, the activa- 
tion energy depends on the electric field (the higher the 
electric field, the lower the activation energy). In elec- 
tric fields E K 10 V/cm, a sharp increase in electron 
concentration in the empty Landau band due to the im- 
purity breakdown sets in (this phenomenon was clearly 
observed, for example, in Ref. H). Electrons brought into 
delocalized states of the Landau band are heated in a 
strong electric field applied to the sample. 



It is stated in Ref. 18 that the electric-field range in 
which formula ^ is valid is limited by the inequalities 

Vo > eElsp > kT{kT/Vo)^/\ (8) 

Using the experimental value of Vb, we can estimate 
the quantities in this inequality: 

1.5meV » 3 X lO^'^meV w 5 x lO^-^mey at the thresh- 
old of nonlinearities; and 

l.bmeV 7 X lO'^^meV > 5 x lO^^meV at the upper 
limit in our measurements. 

Taking into account that the fluctuation amplitude is 
determined to within a numerical factor, we may consider 
that the inequality holds and we can use the theorytfl to 
interpret nonlinearities arising in the case where the con- 
ductivity obeys the Arrhenius law. 



B. Nonlinearities in the Region of High- Frequency 
Hopping Conduction (pija-i ~ 0.1) 



In the case of electrical conductivity limited by ac- 
tivation, we could use the nonlinearity theory devel- 
oped for constant fields to interpret the nonlinearities 
in high-frequency conductivity, because this theory de- 
scribed the infiuence of a strong electric field on the mo- 
tion of quasi-free electrons activated to the percolation 
level. The mechanism of conduction in a constant elec- 
tric field and that in a high-frequency field are found to 
be the same. However, in the case where the electrons 
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are localized, the mechanisms of high-frequency hopping 
conduction and dc hopping conduction are different: in 
the dc mode, the conduction is accomplished by hops of 
electrons between two edges of the sample, whereas, in 
a high-frequency electric field with electrons localized at 
separate impurity atoms, conduction can be effected by 
hops of electrons between two impurity atoms separated 
by a distance smaller than the average one (within an 
impurity pair with a single electron); in this case, tran- 
sitions of electrons between different pairs do not occur 
(a neighbor-site model). Therefore, it is understandable 
that the theory developedJpr nonlinearities in the mode 
of dc hopping conductionE3 cannot be used to interpret 
the nonlinearities we observed in high-frequency hopping 
conduction (Figs. 2,3). 

The dependences of resistivities pxx and pxyj on 
the current density in a GaAs/AlGaAs heterostructure 
were observed under the IQHE conditions in the ce.- 
gion of variable-range hopping conduction at T <lKliil. 
These dependences were analyzed using the theorytS for 
variable-range hopping conduction in a strong electric 
field for 2D electron gas under conditions of the quan- 
tum Hall effect. An introduction of effective tempera- 
ture for hopping conduction in terms of Ref . ^ makes it 
possible to use the above measurements to determine the 
value of localization length. However, it was found that 
the value thus obtained was by almost an order of magni- 
tude larger than the localization length deter-mined from 
the temperature dependence p£ pxx in a linear conduction 
mode. This fact was relatedlij to non-uniformity in the 
distribution of the electric field. 

The theory of nonlinear high-frequency electrical con- 
duction was developed in Ref. P2| for the 3D case. How- 
ever, the dependences Acr"2/o'i2 ^ observed are 
stronger than those predicted in Ref. |2l| (Act cx W). 
Here, 2 is the conductivity in linear mode, AtT"2 — 
<7i.2{E) — cri2, <7i,2iE) is the conductivity measured ex- 
perimentally, and W is the SAW power absorbed in the 
sample. At present, the absence of a theory for the 2D 
case prevents us from analyzing the obtained results. The 
dependences of or,(Ti and 0-2 on the SAW electric field 
under conditions of hopping conduction set in under the 
electric field, which becomes lower as the magnetic-field 
increases; this fact is qualitatively well explained by as- 
suming that the magnetic field affects the overlap inte- 
gral for localized states at different impurities and, thus, 
brings about a depression of hopping conduction and a 
decrease in the relative nonlinear components. 

Dependence of absorpitivity of SAW by 2D electron 
gas on the SAW power in GaAs/AlGaAs heterostructures 
was previously observedcJO in magnetic fields corre- 
sponding to small integer filling numbers when the Fermi 
level was in midposition between the neighboring Landau 
levels and when the electrons were localized. Howeijer, 
it is hardly possible to accept the interpretationEj'Eil of 
these dependences as due to the heating of 2D electron 
gas, which, as was mentioned above, manifests itself only 



in the case where the electrons in 2D configuration are 
delocalized. 



IV. CONCLUSION 

We studied nonlinear dependences of absorptivity and 
variation in the SAW velocity induced by 2D electron gas 
on the intensity of sound under the conditions of the in- 
teger quantum Hall effect in GaAs/AlGaAs heterostruc- 
tures. 

The nonlinearities were analyzed on the basis of high- 
frequency electrical conductivity that had a complex 
form and was calculated from experimental data. 

It is shown that the electric-field range corresponding 
to nonlinearities can be divided into two domains. 

In the electric-field domain where Rea = <7i ^ Ima — 
02, The dependence <Ji{E) is not only adequately ac=. 
counted for by the Shklovskii dc nonlinearity theoryEa 
describing the influence of a strong electric field on the 
motion of quasi-free electrons activated to the percolation 
level, but also makes it possible to evaluate the magni- 
tude of the fluctuation impurity potential. 

In the electric-field domain where Ima = (72 3> Rea — 
ui. the 2D high-frequency hopping conduction appar- 
ently takes place; as of yet, the nonlinearity theory for 
this type of conduction has not been developed. 
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